Evolutionary radiation of lanthipeptides in marine cyanobacteria by van der Donk, Wilfred A. et al.
Evolutionary radiation of lanthipeptides in
marine cyanobacteria
Andres Cubillos-Ruiza,b,c, Jessie W. Berta-Thompsona,b,c, Jamie W. Beckerb, Wilfred A. van der Donkd,e,
and Sallie W. Chisholmb,c,1
aMicrobiology Graduate Program, Massachusetts Institute of Technology, Cambridge, MA 02139; bDepartment of Civil and Environmental Engineering,
Massachusetts Institute of Technology, Cambridge, MA 02139; cDepartment of Biology, Massachusetts Institute of Technology, Cambridge, MA 02139;
dDepartment of Chemistry, University of Illinois at Urbana–Champaign, Urbana, IL 61801; and eHoward Hughes Medical Institute, University of Illinois at
Urbana–Champaign, Urbana, IL 61801
Edited by W. Ford Doolittle, Dalhousie University, Halifax, Canada, and approved May 30, 2017 (received for review January 20, 2017)
Lanthipeptides are ribosomally derived peptide secondary metabo-
lites that undergo extensive posttranslational modification. Prochlor-
osins are a group of lanthipeptides produced by certain strains of the
ubiquitous marine picocyanobacteria Prochlorococcus and Synecho-
coccus. Unlike other lanthipeptide-producing bacteria, picocyanobac-
teria use an unprecedented mechanism of substrate promiscuity for
the production of numerous and diverse lanthipeptides using a single
lanthionine synthetase. Through a cross-scale analysis of prochlorosin
biosynthesis genes—from genomes to oceanic populations—we
show that marine picocyanobacteria have the collective capacity to
encode thousands of different cyclic peptides, few of which would
display similar ring topologies. To understand how this extensive
structural diversity arises, we used deep sequencing of wild popula-
tions to reveal genetic variation patterns in prochlorosin genes. We
present evidence that structural variability among prochlorosins is the
result of a diversifying selection process that favors large, rather than
small, sequence changes in the precursor peptide genes. This mode of
molecular evolution disregards any conservation of the ancestral
structure and enables the emergence of extensively different cyclic
peptides through short mutational paths based on indels. Contrary to
its fast-evolving peptide substrates, the prochlorosin lanthionine syn-
thetase evolves under a strong purifying selection, indicating that the
diversification of prochlorosins is not constrained by commensurate
changes in the biosynthetic enzyme. This evolutionary interplay be-
tween the prochlorosin peptide substrates and the lanthionine syn-
thetase suggests that structure diversification, rather than structure
refinement, is the driving force behind the creation of new prochlor-
osin structures and represents an intriguing mechanism by which
natural product diversity arises.
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Microbial secondary metabolism produces a wealth of smallmolecules, referred to as natural products. These metab-
olites are fundamental for the function of microbial communities
because they play diverse roles in mediating both biotic and
abiotic interactions (1, 2). Studies on the diversity of secondary
metabolite biosynthetic pathways in the human gut (3), soil (4),
and marine sediments (5) indicate that the production of struc-
turally diverse natural products is an integral feature of microbial
communities. The oligotrophic ocean is the largest ecosystem on
Earth, yet little is known about secondary metabolite production
in planktonic marine microbial communities in part because
their dilute habitat presents an unconventional stage for the
action of these types of often-secreted compounds.
A survey of secondary metabolite pathways in sequenced ge-
nomes of Prochlorococcus and Synechococcus, the most abundant
phytoplankton groups in the ocean, revealed the presence of a
lanthipeptide biosynthesis pathway (6). The compounds produced
by this pathway were named prochlorosins and are the first natural
products identified in marine picocyanobacteria (6). The discovery
of these compounds in these globally distributed and diverse mi-
croorganisms—emerging models for integrative systems biology
(7, 8)—provides a unique opportunity to study the diversity and
evolution of secondary metabolites in the natural environment.
Lanthipeptides are a class of ribosomally synthesized and post-
translationally modified peptides (RiPPs) characterized by the
presence of intramolecular thioether cross-links that render them
into complex polycyclic structures. The biosynthesis of lanthipep-
tides generally involves the synthesis of a precursor peptide com-
posed of anN-terminal leader peptide and aC-terminal core region.
The latter undergoes posttranslational modifications performed by
a dedicated lanthionine synthetase that dehydrates select Ser and
Thr residues and catalyzes the intramolecular addition of Cys thiols
to the resulting unsaturated amino acids, forming lanthionine and
methyl-lanthionine bridges, respectively. Following modification,
the precursor peptide is often trafficked to the cellmembrane where
an ABC transporter with a C39 protease domain cleaves the leader
peptide and releases the modified core peptide to the extracellular
environment (9). Although the vast majority of known lanthipep-
tides are bactericidal (9, 10), some can act as signaling molecules
(11, 12) or morphogenetic peptides (13). The function of pro-
chlorosins, as well as the products of several other recently discov-
ered lanthipeptide pathways in bacteria (14), remains unknown.
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The lanthionine synthetase in most lanthipeptide-producing
bacteria modifies only one cognate precursor peptide, producing
a single product (15). Lanthipeptide-encoding strains of Pro-
chlorococcus and Synechococcus, on the other hand, can produce
multiple different lanthipeptides from distinct gene-derived
precursors [called prochlorosin precursor peptides (ProcA) in
this study] using a single highly substrate-tolerant prochlorosin
lanthionine synthetase, ProcM (6) (Fig. 1A). Biochemical char-
acterization of a ProcM from a Prochlorococcus strain (MIT9313)
that encodes 29 different procA precursor peptide genes showed
that this ProcM can catalyze the dehydration and cyclization of all
18 prochlorosin precursor peptide substrates tested (6) using a
distinct substrate-tolerant catalysis mechanism (16).
Sequence analysis of the 29 prochlorosin precursor peptides from
Prochlorococcus MIT9313 revealed two features that make them
unique among lanthipeptides (6). First, their core regions are highly
dissimilar, and none have Ser/Thr or Cys residues in positions that
would result in ring topologies similar to other known lanthipep-
tides, or to each other. Second, in contrast to the core regions, the
sequence of the leader peptide is remarkably conserved. This un-
precedented hypervariability in the prochlorosin core peptide ob-
served in a single genome raises questions about the extent of the
structural diversity of these compounds across marine picocyano-
bacterial lineages and, more broadly, about how widespread and
diverse these natural products are along oceanic environmental
gradients. Additionally, the hypervariability poses questions about
what evolutionary mechanisms would enable the generation of such
extreme diversity in prochlorosin precursor peptide genes.
Here we analyzed the prochlorosin biosynthesis pathway in
genomes of previously and newly sequenced strains of Pro-
chlorococcus and Synechococcus to better understand the distri-
bution of this trait among lineages in these two genera and the
degree of prochlorosin diversity within each group. To in-
vestigate how lanthipeptides evolve in the open ocean environ-
ment, we used a biogeographic approach that characterizes the
distribution and abundance of the prochlorosin trait in different
oceanic regions and that uncovers the extent of lanthipeptide
structural diversity in wild picocyanobacterial populations. We
examined fine-scale genetic variation in prochlorosin precursor
peptide genes derived from these wild populations to begin to
explore the evolutionary mechanisms responsible for this ex-
tensive diversity. Through this cross-scale analysis—from ge-
nomes to populations—we present evidence consistent with the
hypothesis that structural diversity, instead of structural con-
straint, drives the evolution of lanthipeptides in marine pico-
cyanobacteria, an unusual evolutionary scenario for the creation
of complex polycyclic peptide natural products.
Results and Discussion
Phylogenomic Analysis of the Prochlorosin Biosynthesis Pathway. To
examine the phylogenetic distribution of the prochlorosin trait in
cultured strains of Prochlorococcus and Synechococcus, we first
searched for homologs of the prochlorosin lanthionine synthe-
tase gene (procM) and the prochlorosin precursor peptide genes
(procA) in 50 Prochlorococcus and 26 Synechococcus genomes.
This set of genomes includes nine Prochlorococcus and three
0.3
V / VI (0/2)
I (1/3)
WPC2 / II (0/3)
III (0/2)
LLIV (7/14)
HLII (0/19)
UC-A / WPC1 (1/3)
LLII / LLIII (0/10)
IV (0/2)
CRDI (3/3)
IX (1/1)
VIII (0/1)
Subcluster 5.2/5.3 (0/7)
HLI (0/3)
LLI (0/4)
0.03
MIT1320
MIT0703
MIT1312
MIT1318
MIT1306
MIT9313
MIT0702
MIT1323
MIT9303
LLV_FJ830893.1
MIT1327
MIT1313
MIT1303
MIT0701
MIT1342
Pr
oc
hl
or
oc
oc
cu
s
Sy
ne
ch
oc
oc
cu
s
(S
ub
clu
st
er
 5
.1
)
Encodes Prochlorosins
ProcAs
LanT
LanOM
Proteolysis
Transport
Leader Core
ProcM
Dehydration
Cyclization
A
B C
Fig. 1. The prochlorosin biosynthesis pathway and its distribution among picocyanobacterial lineages. (A) ProcAs, which contain a conserved leader region (red)
and hypervariable core region (blue shades), become mature products, first through the action of ProcM, which catalyzes the cyclization of the core peptide, and
then by coupled cleavage of the leader peptide at a conserved Gly-Gly site by a membrane-associated ABC transporter with a C39 proteolytic domain (LanT). The
transport across the cell membranes is thought to be the combined action of the LanT and a putative TolC-like outer membrane transporter, LanOM. (B) Schematic
of a phylogenetic tree showing the principal clades of marine picocyanobacteria (38) showing the clades that contain a strain that encodes prochlorosin biosynthesis
genes (red stars). Parentheses to the right of the clades indicate the fraction of sequenced genomes within each clade that encode the prochlorosin biosynthesis
pathway. (C) Phylogenetic tree of the low-light–adapted IV (LLIV) clade of Prochlorococcus based on ITS rDNA sequence diversity (SI Appendix).
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Synechococcus strains that are described in this work (SI Ap-
pendix, Table S1). Prochlorosin genes appear in 13 of these
76 genomes and have a restricted phylogenetic distribution.
Among Synechococcus strains, the prochlorosin trait is present in
four distantly related clades (I, IX, UC-A, and CRD1) of the
5.1 marine subcluster (Fig. 1B and SI Appendix, Fig. S1). Among
Prochlorococcus strains, the trait is found only in the deeply
branching low-light–adapted LLIV clade (Fig. 1B). Within the
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Fig. 2. Genetic variation of prochlorosin precursor peptides. (A) Percentage of amino acid identity for each pairwise comparison in a multiple sequence alignment of the
leader peptide region (Lower triangle) and the core peptide region (Upper triangle) of the 181 prochlorosin precursor peptides found in nine nonclonal lanthipeptide-
encoding strains of Prochlorococcus and Synechococcus. The precursor peptides in the matrix were grouped first by the phylogenetic relationship of the strain of origin
(based on ITS ribosomal DNA, at left) and then by the intragenome amino acid identity of their leader peptide region. Only one pair of prochlorosins originating in
MIT9313 and MIT1327 share 100% identity in their core region; their leader peptide region is 98% identical. (B) Amino acid composition of the prochlorosin core peptides
(weighted average of frequency) found in Prochlorococcus and Synechococcus genomes compared with the general proteome composition of these strains. Gly, a flexible
small amino acid, along with amino acids necessary for the formation of ring structures (Cys, Ser, and Thr), are themost frequent residues in the prochlorosin core peptides;
all but Ser are found at a higher frequency in prochlorosin core peptides than in the general proteome. (C) Size distribution (purple line, right y axis) and amino acid diversity
by Shannon entropy at each position (orange line, left y axis) of prochlorosin precursor peptides. Positions within the leader peptide region correspond to the consensus of
the multiple sequence alignment of 181 leader peptides. Because of the difficulty in producing a meaningful multiple alignment of the core region, the positions for this
region correspond to stacked sequences that use the Gly-Gly motif as a starting reference. Shannon entropy values higher than 2 are considered variable (dashed line); the
maximum theoretical value of the Shannon entropy for 20 amino acids is 4.322 and signifies that all residues are equally represented in that position (39).
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LLIV clade, 7 of the 14 strains available harbor prochlorosin
genes (Fig. 1C and SI Appendix, Fig. S2). This sporadic occurrence
of the trait among closely related strains is also evident within
Synechococcus clades (Fig. 1B and SI Appendix, Fig. S1), indicating
that lanthipeptide production is not a stably maintained trait
within picocyanobacterial lineages. To refine the set of genomes
used for the analysis of the prochlorosin biosynthesis pathway, we
removed strains that were identical in their internal transcribed
spacer (ITS) ribosomal DNA sequence and displayed more than
99% overall genome similarity, which in all cases had identical
procA genes (SI Appendix, Figs. S3 and S4). This left four Pro-
chlorococcus (MIT9313, MIT9303, MIT0701, and MIT1327) and
five Synechococcus (MITS9509, MITS9508, RS9916, WH8016, and
KORDI-100) strains for further analysis (SI Appendix, Table S1).
These nine genomes display flexibility in the genetic organization
of the three principal components of the prochlorosin pathway: the
precursor peptide genes (procA), the lanthionine synthetase gene
(procM), and the genes that encode the inner and outer membrane
transporters (lanT, lanOM) (SI Appendix, Fig. S5). Although there
is a single procM gene in each genome, there is great variation in the
number and genomic location of the procA genes, some of which
can be present in tandem arrays of multiple genes (SI Appendix,
Table S2). In the set of four Prochlorococcus strains, the number of
procA genes varies between 9 and 29. Among Synechococcus strains,
which span a larger genetic distance, the procA gene number varies
from 1 to 80—an unprecedented expansion of lanthipeptide pre-
cursor peptide genes (SI Appendix, Table S2). In total, these nine
genomes encode 181 procA genes. Similarly to the procA genes, the
procM and transporter genes are not necessarily located in the same
genomic locus in all strains. Although strains MIT1327, MITS9509,
and RS9916 have their procM, lanT, and lanOM genes present in a
single gene cluster, the other strains have these genes scattered across
multiple genomic loci, suggesting genetic mobility and modularity
within components of the prochlorosin pathway (SI Appendix, Fig.
S5). These architectures contrast with the genetic organization of
lanthipeptide biosynthesis pathways in other bacteria and with ca-
nonical peptide-based secondary metabolite pathways in which
components for biosynthesis are usually found in a gene cluster that
behaves as a single evolutionary unit (17). Flexibility in the configu-
ration of the genetic components of the prochlorosin pathway implies
an uncommon mode of evolution for this family of lanthipeptides.
Prochlorosin Precursor Peptide Gene Diversity in Picocyanobacterial
Genomes. We assessed the potential diversity of lanthipeptide
structures encoded in this set of nine strains by examining the amino
acid sequence similarity of the leader and core peptide regions of
the prochlorosin precursor peptides. Strikingly, the core region—the
substrate for posttranslational modifications—of all but 2 of the
181 precursor peptides is different, with 98.4% of all possible pairs
displaying less than 30% protein identity to each other (Fig. 2A).
Despite their massive sequence diversity, these core peptides are not
random protein sequences; their amino acid composition is domi-
nated by Gly, a small flexible amino acid, and the amino acids re-
quired for cyclization (Cys, Thr, and Ser), with Gly, Cys, and Thr
residues enriched relative to the total proteome of their host or-
ganisms (Fig. 2B). Based on the co-occurrence of Cys/Ser or Cys/Thr
residues, 91% of the precursor peptides identified have the potential
to form a (methyl)lanthionine-containing cyclic peptide.
The length of the precursor peptide also varies greatly among
the sequences, and the amino acid diversity within the peptide
increases dramatically immediately after the end of the leader
peptide, indicating no preference for a particular amino acid at
any given position in the core peptide following the Gly-Gly
motif of proteolytic cleavage (Fig. 2C). Consequently, these core
peptides would result in the formation of lanthipeptides with
distinct ring topologies. In contrast to the core region, the leader
peptide region exhibits a high degree of inter- and intragenome
conservation, consistent with its functional role in directing the
biosynthesis of prochlorosins. Interestingly, although the mo-
lecular determinants for ProcM activity are located only in the
final third of the C-terminal end of the ProcA leader peptide
(18), the high degree of conservation of the N-terminal end of
the leader peptide across distant lineages suggests that this re-
gion may be important for additional steps of the biosynthesis
process, perhaps transport of prochlorosins.
When performing a BLAST search for procA homologs in our
76 genomes, we found a total of 53 procA pseudogenes, i.e.,
prochlorosin precursor peptide genes containing a mutation
(early stop codon, frameshifts, or elimination of the start codon)
that prevents the formation of a functional prochlorosin ORF.
The procA pseudogenes were detected in seven of the nine
prochlorosin-encoding strains and also in four strains of the
LLIV clade of Prochlorococcus that do not encode the pro-
chlorosin biosynthesis pathway (SI Appendix, Tables S1 and S3).
After correction of mutations, we found that, as in intact procA
genes, most of the core regions of the procA pseudogenes have
no sequence similarity to other procA genes or procA pseudo-
genes (SI Appendix, Fig. S6 A and B). Also, the putative core
regions of the procA pseudogenes have a similar amino acid
composition to the intact procA genes and are also enriched in
Gly, Cys, Ser, and Thr residues, indicating that they could have
encoded substrates for the creation of prochlorosins before the
deactivating mutations occurred (SI Appendix, Fig. S6C). Despite
the lack of similarity between their core regions, phylogenetic
analysis of the leader peptide region of the intact and pseudo-
procA genes indicates that they are often closely related (SI
Appendix, Fig. S7), suggesting that many of the pseudogenization
events are recent. The high frequency of procA pseudogenes in
these genomes suggests a high turnover rate of paralogous genes,
indicating that the prochlorosin biosynthesis pathway is a dy-
namic trait involving sustained expansion, diversification, and
elimination of procA genes.
The 180 different procA genes that we have identified in only
nine closely related marine picocyanobacteria strains is double
the ∼90 other lanthipeptides that have been described from
vastly different branches of the bacterial domain (15). This im-
pressive diversity led us to wonder how many lanthipeptide
structures have evolved within the enormous genetic diversity
embodied in Prochlorococcus and Synechococcus populations on
a global scale and how these metabolites are distributed along
environmental gradients in the oceans.
Diversity and Distribution of Prochlorosin Precursor Peptide Genes in
Wild Populations. An initial survey of prochlorosin biosynthesis
genes in metagenomic databases of surface ocean samples revealed
the presence of the lanthipeptide production trait in wild picocya-
nobacterial populations (6). To obtain a comprehensive picture of
the biogeography of the prochlorosin production trait, we investi-
gated ocean regions where gradients of light, temperature, and
nutrient concentrations are known to shape the relative abundance
of Prochlorococcus ecotypes and Synechococcus groups (19, 20).
Using quantitative PCR targeting highly conserved regions of the
prochlorosin precursor peptide gene, we measured the abundance
of procA genes in samples collected at Station ALOHA in the North
Pacific Subtropical Gyre and along 16 stations spanning an Atlantic
Meridional Transect (AMT) (Fig. 3A). The prochlorosin trait is
widespread, but patchily distributed along the transect (Fig. 3B);
procA genes have distinctive depth-distribution patterns and vary in
abundance across the transects. These patterns are likely influenced
by the current restriction of the trait, within Prochlorococcus, to the
LLIV clade; members of this clade are adapted to low-light condi-
tions and typically found deeper in the water column (19, 20).
The relationship between the abundance of procA genes and
cells belonging to the LLIV clade is best illustrated by procA
distribution patterns at two subtropical locations (Station
ALOHA and AMT-S25, Fig. 3C), where the surface mixed layer
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is dominated by high-light–adapted ecotypes of Prochlorococcus
(not known to encode prochlorosins) and where Synechococcus
is present in low numbers relative to Prochlorococcus (19, 21). In
these regions, the abundance of procA genes is relatively low
throughout the surface mixed layer but increases in deeper wa-
ters where procA-encoding LLIV Prochlorococcus are known to
thrive (Fig. 3C) (19). In contrast, at low or high latitudes of the
Atlantic Ocean (i.e., AMT-S78 and AMT-S3, respectively) where
Synechococcus dominates and low-light–adapted Prochlorococcus
are relatively rare (20), procA abundances track Synechococcus
abundances and are low at the base of the euphotic zone. The
only instance where procA genes were found equally distributed
throughout the euphotic zone was when a deep-mixing event
homogenized the distribution of Prochlorococcus and Synecho-
coccus populations in the water column (i.e., AMT-S72, Fig. 3C).
We conclude that prochlorosin production is widespread in the
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Fig. 3. Biogeography and diversity of prochlorosin precursor peptides in the Atlantic and Pacific oceans. (A) Oceanic sites sampled in this study. Red dots denote sampling
locations: Station ALOHA in the North Pacific and the Atlantic Meridional Transect (AMT13) in the Atlantic. Colored labels correspond to stations shown as depth profiles in
C and analyzed by deep amplicon sequencing of the prochlorosin population in D and E. (B) Depth distribution of procA genes within the upper 250 m of the water
column along the AMT13 transect. Color-scale indicates the logarithm of concentration in copies/mL as determined by qPCR targeting conserved sequences of the leader
peptide region. (C) Depth profiles showing abundance of procA genes (blue) and flow cytometry cell counts of total Prochlorococcus (green) and Synechococcus (orange) at
five oceanic sites. Dashed lines indicate the depth of the surface mixed layer, as determined by potential density differential from surface values by >0.125 kg·m−3. Mixed
layer data are not available for AMT-S3, but from the shape of the profiles it can be presumed to be about 50 m. (D) OPU rarefaction curves for each of the five oceanic
sites: AMT-S3 (9, 54, 79, and 104 m), AMT-S25 (17, 53, 83, and 103 m), AMT-S72 (9, 53, 74, and 154 m), AMT-S78 (10, 50, 80, and 160 m), Station ALOHA (25, 85, 100, 125,
and 175 m), and two depths from nine monthly time-series samplings at Station ALOHA between June 2005 and February 2006 (HOT-125 m and HOT-175 m). (E) OPU
clustering on the basis of a Jaccard dissimilaritymatrix (visualized by principal coordinates analysis). Circle diameters are proportional to the richness of OPUs in each sample.
We included a technical replicate (same DNA extraction) and a biological replicate (different DNA extraction from the same water sample) of the ALOHA H175 125-m
sample as controls for the clustering, outlined in red. ANOSIM R= 1 (complete dissimilarity), R= 0 (complete evenness), and R< 0 (dissimilarity is greater within groups than
between groups). Values highlighted in orange correspond to site comparisons for which there was overlap in their OPU populations.
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oceans and constitutes an integral component of planktonic
cyanobacterial populations throughout the oligotrophic ocean.
Having identified picocyanobacterial populations that harbor
the prochlorosin trait, we next undertook analyses to better un-
derstand how selective pressures on the prochlorosin trait shape
the diversity of prochlorosin populations (i.e., the total collection
of different lanthipeptide structures encoded by the picocyano-
bacterial population at a location) across different oceanic sites.
To obtain most of the coding sequence of the procA gene and
predict its prochlorosin product, we used the highly conserved 5′
region of the leader peptide and a moderately conserved 3′
intergenic region downstream of the procA gene as primer-
anchoring sites for amplification (SI Appendix, Fig. S8). Evalu-
ation of this set of primers on a mock seawater sample
containing cells from prochlorosin-encoding Prochlorococcus and
Synechococcus strains suggests that ∼25% of the potential procA
genes can be recovered by this method (SI Appendix, Supple-
mental Materials and Methods and Table S6). Thus, although this
set of primers likely will not amplify all procA genes at a given
location, it places a lower bound on their diversity and facilitates
comparisons among prochlorosin populations from different
natural environments. For this analysis, we selected four to five
depths from each of five locations displaying distinct patterns in
the distribution of procA genes (Fig. 3C) and nine samples col-
lected monthly (June 2005 to February 2006) from 125 m and
175 m at Station ALOHA for the Hawaii Ocean Time-Series
(HOT) program (19, 22). The procA genes from these 39 envi-
ronmental samples were deeply sequenced and quality-filtered
(Materials and Methods). To determine the total number of dif-
ferent prochlorosin precursor peptides in the dataset, procA
ORFs were predicted from the cleaned reads from all samples
and clustered at a genetic distance of 3% to account for possible
sequencing errors. Each unique 97% DNA identity cluster (ex-
cluding singletons) was defined as an operational prochlorosin
unit (OPU), representing a unique prochlorosin precursor pep-
tide gene from which the sequence information of the leader
and core peptide regions could be obtained. After clustering
1.6 million procA ORF sequences, a total of 1,697 OPUs were
identified, an impressive number considering it represents a
lower bound estimate of prochlorosin diversity due to the con-
straints on conserved priming sites mentioned above and the
conservative clustering procedure.
To determine how similar the prochlorosin populations are from
different oceanic regions, we mapped the procA ORF sequences
from each site to the total OPU set to create an OPU composition
matrix. Rarefaction analysis shows that the number of OPUs
sampled globally does not tend toward an asymptote, but those for
each site are closer to saturation (Fig. 3D). Suspecting that this
reflects variation in the composition of OPU populations between
sampling sites, we constructed a dissimilarity matrix based on the
OPU composition at each site and analyzed it using principal co-
ordinates analysis (Materials and Methods). We found that pro-
chlorosin populations primarily cluster by geographic location (i.e.,
all depths from the same station formed close groups) (Fig. 3E).
Furthermore, analysis of similarities (ANOSIM) between geo-
graphic locations indicates that there is little overlap between the
OPU populations, demonstrating that different picocyanobacterial
populations encode distinct sets of lanthipeptide genes (Fig. 3E).
The only instance in which two different sampling sites showed a
significant overlap between their prochlorosin populations was for
two stations in the South Atlantic (AMT-S72 and AMT-S78,
ANOSIM, R = 0.67; P value <0.05), both of which were heavily
dominated by Synechococcus and under a similar deep-mixing re-
gime (Fig. 3C). Among the time-series samples from Station
ALOHA for HOT, there was a significant overlap between the
OPU populations for the majority of the monthly samples from the
125-m and 175-m depths (ANOSIM, R = 0.24; P value < 0.05).
However, despite the overall cohesion of prochlorosin populations
from Station ALOHA, we observed a few samples distant from the
main cluster (25-, 85-, and 100-m depths and time-series samples
from 3 mo in the fall and 1 mo in the winter at 125 m), indicating
that environmental gradients along the water column and seasonal
changes can also influence the composition of prochlorosin pop-
ulations at this site.
That picocyanobacterial populations from different oceanic
environments harbor significantly different sets of prochlorosin
precursor peptide genes suggests that selection pressures oper-
ating at each site drive the evolution of divergent lanthipeptide
structures within this group of closely related microorganisms.
This led us to wonder about the full extent of the structural
differences between prochlorosins in these natural populations
and how this diversity might originate.
Hypervariability of Prochlorosin Structures in Wild Populations. To
explore the scope of structural variability among prochlorosins
observed in wild populations, we examined in detail the sequence
information of the leader and core peptide regions of the 1,697
OPUs identified. At the nucleotide level, the majority of the
OPUs share only 40–70% identity, indicating extensive sequence
diversity in the wild (Fig. 4A). At the protein level, the identity of
the core peptide region among OPUs is less than 30% for most
(98.1%) of the sequence comparisons, whereas the leader pep-
tide is relatively more conserved with nearly half of the sequence
comparisons showing greater than 60% pairwise amino acid
identity (Fig. 4B). Moreover, in these sequences the vast majority
of OPUs that display high identity between their leader peptides
have low identity between their core peptide regions (Fig. 4C).
This metagenomic analysis, which enables a sampling scope far
exceeding the limitations of cultured genomes, indicates that
prochlorosins with similar core peptides are rare in the natural
environment, consistent with our observations using a limited
number of cultured isolates.
To investigate whether the core regions within this extensively
diverse set of OPUs from wild cells possess structural properties
that could actually result in a cyclic peptide, we first determined
the co-occurrence of Cys/Ser and Cys/Thr pairs in the core regions
and found that 81% of the OPUs could result in a lanthipeptide
with at least one ring. We next calculated the dipeptide compo-
sition of all core regions in the set of OPUs to identify the amino
acid associations that might represent underlying structural com-
monalities. The most frequent dipeptides were a polar amino acid
involved in cyclization (Cys, Ser, or Thr) associated with a small
side-chain–containing nonpolar amino acid (Gly or Ala) (Fig. 4D)
(23–25). This dipeptide signature is also observed in core regions
of prochlorosin precursor peptides from genomes of cultured
strains and is different from the dipeptide frequency observed for
the general proteome of prochlorosin-encoding strains (SI Ap-
pendix, Fig. S9). Thus, despite the lack of sequence conservation
between most of the OPU core peptides, the OPUs contain the
general structural signatures of cyclic peptides. This metagenomic
survey suggests that natural picocyanobacterial populations col-
lectively have the potential to produce thousands of structurally
different lanthipeptides.
Molecular Diversification of Prochlorosin Precursor Peptides. What
are the underlying evolutionary mechanisms that might generate
this expansive diversity? Analysis of the procA genes found in the
set of cultured strains alone cannot provide a clear picture of
how the expansion and diversification of these genes takes place
because the variation in the core region of the procA gene is so
extreme that meaningful multiple sequence alignments cannot
be obtained for the 3′ end of the gene. This extreme variation
precludes phylogenetic reconstruction for the entire precursor
peptide. Using only the leader peptide region, however, one can
generate a partial reconstruction of the phylogeny of these genes
(SI Appendix, Fig. S10). Prochlorococcus leader peptides generally
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group into a distinct branch separate from most Synechococcus
leader peptides, consistent with the phylogeny of these two genera.
These extreme differences in the degree of genetic variability
between the leader and core peptide regions suggest an atypical
molecular evolution mechanism for the procA gene. To gain in-
sight into the evolutionary mechanisms that could generate this
abnormal diversity, we analyzed the genetic variation of the pro-
chlorosin precursor peptide in the OPUs obtained from wild
populations.
To explore possible early steps in the diversification of the
core peptide region of the procA gene, and to characterize the
types of molecular changes that give rise to new lanthipeptide
structures, we searched for OPUs that share 100% nucleotide
identity in their leader peptide region, allowing us to identify
groups of genes that might have undergone recent changes in
their core peptide region. We identified 156 such groups of
OPUs with identical leader peptides, 7 of which contained more
than 7 OPUs. The core peptide regions within these groups were
0–88% identical—a striking range of variation considering that
they have identical leader peptides (Fig. 5A). To further explore
variation at the 3′ end of the procA gene in these groups, we
recovered sequence information from the 3′ intergenic region
downstream of the procA ORFs that had previously been re-
moved as part of the read processing and clustering procedure
(Materials and Methods). Multiple sequence alignments using the
full length of the procA genes revealed that the 3′ intergenic
region downstream of the ORF is highly conserved within these
sets, further suggesting that the changes within the core peptide
region of these procA genes reflect recent events (Fig. 5B).
Using sequence information from the entire procA gene, it is
possible to examine the molecular changes that gave rise to new
procA variants in these closely related OPU groups. For example,
examination of the nine procA genes in the G3 group of recently
diverged OPUs revealed that OPU116 is the likely ancestor of eight
other OPUs, which all arose as the result of individual deletion
events in various parts of the 3′ end of the gene (Fig. 5B). Five of
these genes suffered deletion events that included several nucleo-
tides outside of the coding region of the original OPU116. Com-
pared with their ancestor OPU116, all of these deletions resulted in
procA ORFs with core regions displaying large differences in their
sequence composition, but that still contain Cys, Ser, and Thr res-
idues in different positions that could serve as substrates for the
creation of lanthionine bridges (Fig. 5B). Thus, in a very short
mutational path a single procA gene region rapidly diversified into
eight prochlorosin precursor peptide genes, the products of which
would display completely different ring topologies.
The sequence variation patterns in the other groups of closely
related OPUs were also dominated by multiple insertion-deletion
(indel) events of variable lengths, indicating that the majority of
polymorphisms in the core peptide region of recently diverged
procA genes resulted in large changes in the amino acid sequence
of the final product (SI Appendix, Fig. S11). This pattern of vari-
ation implies that the diversity in the core peptide region of pro-
chlorosins is not likely to have resulted from a slow multistep
exploration of the sequence space around a particular ring topol-
ogy, as for variants in other lanthipeptide groups (26), but rather
from a single-step diversification process that rapidly explores very
large changes in sequence composition. In contrast, in groups of
OPUs with 100% nucleotide identity in their core peptide region,
variations in the leader peptide region were dominated by single-
nucleotide substitutions (SI Appendix, Fig. S12).
These contrasting variation patterns indicate that the leader
and core regions of the prochlorosin precursor peptide gene are
undergoing distinct modes of molecular evolution. The leader
peptide, the function of which is to direct biosynthesis, follows
the molecular evolution pattern of most proteins where large
sequence changes are thought to be detrimental to the protein
structure, and thus only small changes in the exploration of the
sequence space are permitted. Conversely, the core peptide
evolves mainly by the action of large sequence polymorphisms
that greatly affect the overall sequence of the core peptide re-
gion, disregarding any conservation of the ancestral structure.
Structural Diversity Is Under Selection in Picocyanobacterial Lanthipeptides.
In the absence of selection, a diversification process of procA
genes that is driven by large indel events is expected to create
random peptides. In a simulation of a neutral evolution process
of 100 procA genes driven by indel mutations in the 3′ end of the
gene, the resulting population of potentially cyclic peptides
would not exceed 50%, and the expected amino acid composi-
tion of the pool of core peptides tends to be more similar to the
general proteome composition of marine picocyanobacteria (SI
Appendix, Fig. S13). Therefore, the fact that 91% of the pro-
chlorosin core peptides identified in the genomes and 81% of the
core peptides in the OPUs contain residues and structural fea-
tures that favor the formation of a cyclic product indicates that
prochlorosin core peptide diversity is not likely the result of
genetic drift. In addition, as evidenced by the complete diversity (no
core peptide is highly similar to any other) of procA genes found
within genomes of cultured strains, selection also seems to allow
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only the maintenance of lanthipeptide variants that display a
different ring topology from the rest of the prochlorosins in
the genome. Also, the prevalence of procA pseudogenes in
prochlorosin-encoding cells supports the notion of a constant se-
lective pressure on the prochlorosin trait that inactivates procA
genes that are no longer advantageous, thus relieving the cell from
having to produce such peptides. In turn, this observation also
suggests that the extant prochlorosins have a functional role.
Additional evidence for the selection of traits in the prochlorosin
biosynthesis pathway that favor structural diversification comes from
an analysis of the evolutionary interplay between lanthionine syn-
thetases and their peptide substrates. Does the rapid diversification of
the prochlorosin core peptide substrates demand a fast evolution of
the lanthionine synthetase? To explore this, we compared the pat-
terns of natural selection on LanM enzymes from the lacticin
481 group, which modify a single precursor peptide substrate, the
putative ring topologies of which are conserved (26, 27), to patterns
of selection on ProcM enzymes within individual strains of picocya-
nobacteria harboring multiple precursor peptides of different ring
topologies (Fig. 6A). Genes from the ProcM clade display a very low
ratio of the rate of nonsynonymous substitutions to the rate of syn-
onymous substitutions (dN/dS) compared with the enzymes of the
lacticin 481 (LanM) clade, which is indicative of negative selection
operating on the former group (Fig. 6B). In the case of the lanthio-
nine synthetases from the ProcM clade, even when their peptide
substrates rapidly expand and diversify within a genome, about 25%
of the codons in the ProcM enzyme evolve under a strong purifying
selection (Fig. 6C). This level of conservation is not observed in
members of the lacticin 481 group, the substrates of which experience
less drastic changes than the prochlorosins (Fig. 6D). This interplay
between enzyme and substrates suggests that the prochlorosin lan-
thionine synthetase is evolutionarily locked in a state that favors
maintaining its substrate promiscuity. The ProcM sequence analysis
further suggests that the evolution of new prochlorosin structures is
not constrained by a need for large changes in the lanthionine syn-
thetase. Outstanding examples of this are the Prochlorococcus strains
MIT9313 and MIT9303, which encode vastly different sets of pro-
chlorosin precursor peptides, yet harbor procM genes that are
96% identical.
Conclusion. This cross-scale analysis of prochlorosin precursor
peptide genes reveals that the hypervariability of prochlorosins is a
feature that occurs across multiple scales of complexity. At the
genome level, all of the procA genes found within a single genome
are different (Fig. 2). Between genomes, prochlorosin-encoding
genomes from several picocyanobacterial lineages harbor distinc-
tive sets of procA genes (Fig. 2). In the global ocean, geographically
distinct marine picocyanobacterial populations contain largely
dissimilar collections of procA genes (Fig. 3). Collectively, these
findings indicate that lanthipeptides in marine picocyanobacteria
are undergoing a rapid evolutionary process of structural di-
versification. It appears that the prochlorosin biosynthesis pathway
has evolved such that it can generate a suite of structurally diverse
natural products by using the combination of a substrate-tolerant
lanthionine synthetase and a collection of precursor peptide sub-
strates encoded in a highly dynamic family of multicopy genes
poised for rapid expansion and diversification.
This type of diversity-prone selection contrasts with the evolu-
tionary path of other lanthipeptides such as lantibiotics, which display
antimicrobial activity (15). Lantibiotic biosynthesis pathways have
generally evolved to be efficient in the creation of one cyclic peptide
with a defined ring topology that endows the molecule with its bio-
activity; the ring topology resulting from posttranslational modifica-
tions is thought to be the major determinant of the bioactivity. For
example, in lantibiotics of the nisin group or the lacticin 481 group,
the targets of which are specific lipid components of Gram-positive
bacteria, variations found within their core peptide sequences are
composed mainly of small amino acid changes that do not alter the
structure of the principal rings, thereby preserving the antimicrobial
activity (27, 28). Consequently, lantibiotics follow the evolutionary
pattern of a typical protein with an established structure–function
relationship, where structural similarity is maintained through nega-
tive selection. The case of prochlorosins is different: the pre-
dominance of prochlorosins that would display extensively different
ring topologies, and the high frequency of large sequence polymor-
phisms that tend to change the structure of the core peptide, suggest
that the potential bioactivity of the prochlorosins does not have a
relationship with a particular ring topology. Rather, the evolutionary
history of prochlorosins suggests that the selective advantage of the
trait does not rely solely on the function afforded by the structure of a
single peptide, but rather on the plasticity in the production of a suite
of cyclic peptides with diverse ring topologies and their sustained
diversification. Previous examples of pathways resulting in many
structurally diverse products have been interpreted by the “screen-
ing hypothesis” (29), but, in the absence of definitive information on
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the function of prochlorosins, we believe it is premature to do so for
the prochlorosins.
Aside from lanthipeptides, other RiPP families are known to
display hypervariability in the core region of their precursor peptide
substrates (30). Cyanobactins, for example, are a group of structur-
ally diverse RiPPs, the biosynthetic enzymes of which also have re-
markable substrate promiscuity in the creation of these small cyclic
peptides (31). Similar to prochlorosins, some cyanobactin variants
arise from duplication and diversification events in their precursor
peptide genes (32). However, in contrast to prochlorosins, natural
genetic variation patterns found in precursor peptides of the patel-
lamide family of cyanobactins from tunicate-associated cyanobac-
teria suggest that their evolutionary diversification occurs through
small stepwise changes, somewhat constrained by the maintenance
of conserved residues and the overall length of the peptide (33). Not
all families of cyanobactins, however, display marked similarities
between closely related variants of precursor peptide genes. For
example, analysis of the genome of Planktothrix agardhii (34) reveals
that the prenylagaramide biosynthetic gene cluster harbors six
precursor peptide genes that display very low similarity in their core
peptide region, suggesting that variants within this family could have
arisen through an evolutionary process similar to that of pro-
chlorosins. Furthermore, genome mining of other RiPPs such as the
thiazole/oxazole-modified microcin family revealed the presence of
cyclic peptide biosynthetic gene clusters in bacteria other than
cyanobacteria. These clusters resemble the prochlorosin pathway in
terms of the multiplicity of precursor peptide genes per genome and
their striking core peptide sequence diversity, suggesting that evo-
lutionary diversification of natural products might occur in other
branches of the bacterial phylogeny (25).
Materials and Methods
Detailed materials andmethods for Prochlorococcus isolations, genome sequencing,
qPCR detection of procA genes, amplicon library construction, and sequence pro-
cessing and analysis are provided in SI Appendix. For the clustering of procA
amplicons, a total of 1.6 million procA ORF sequences were predicted from the pool
of cleaned reads, for an average of 41,000 per sample. These reads were then used
to create 3% similarity clusters using the cluster_otu function of USEARCH (35). The
resulting 3% similarity clusters were mapped back to the original procA ORF reads
from each one of the sites sampled using USEARCH with a DNA identity threshold
of 0.97. The resulting nonsingleton clusters from this mapping are considered to be
OPUs (Dataset S1). For the comparative analysis of OPU populations, we constructed
a dissimilarity matrix based on the OPU composition at each site using the
Jaccard distance and used principal coordinates analysis to represent the
similarity between samples in ordination space. In addition, ANOSIM was
used to assess the statistical significance of the observed Jaccard distances
between groups of samples from different locations. Codon-specific dN/dS
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analysis of lanthionine synthetase genes of the procM and lacticin 481 lanM
groups was calculated using codeml from the PAML package (36, 37) im-
plemented with a user-provided maximum-likelihood tree and the M8
Model (beta&ω > 1). Selection indices for each codon were considered sig-
nificant when Bayes Empirical Bayes (BEB) probabilities were BEB ≥ 0.95.
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